Legionella pneumophila, the causative agent of Legionnaires disease, and related organisms have previously been characterized primarily by conventional bacteriological methods, DNA-DNA Legionella pneumophila (3) and other members of the family Legionellaceae are similar in rather general phenotypic characteristics (2, 3, 7, 14, 15, (20) (21) (22) . However, there are simple tests, including colony color on dye-containing media, colony fluorescence, pigment production, gelatin starch and hippurate hydrolysis, and serology, which can distinguish between various members of this family (12, 29), and important differences have been noted by studies of DNA homology (2, 5, 7, 12, 15, 21, 22) , DNA base composition (5, 12), fatty acid analysis (14, 20, (23) (24) (25) , ubiquinone profiles (17), analysis of soluble peptide patterns by polyacrylamide gel electrophoresis (19), and antigenic analysis (8).
Legionella pneumophila (3) and other members of the family Legionellaceae are similar in rather general phenotypic characteristics (2, 3, 7, 14, 15, (20) (21) (22) . However, there are simple tests, including colony color on dye-containing media, colony fluorescence, pigment production, gelatin starch and hippurate hydrolysis, and serology, which can distinguish between various members of this family (12, 29) , and important differences have been noted by studies of DNA homology (2, 5, 7, 12, 15, 21, 22) , DNA base composition (5, 12) , fatty acid analysis (14, 20, (23) (24) (25) , ubiquinone profiles (17) , analysis of soluble peptide patterns by polyacrylamide gel electrophoresis (19) , and antigenic analysis (8) .
Analysis of the carbohydrates of microorganisms by gas chromatography (GC) and GC-mass spectrometry (MS) has been used for the characterization and classification of several groups of bacteria such as the streptococci (27) and the bacteria often associated with meningitis (4). We previously reported improvements in carbohydrate analysis by using a modified alditol acetate derivatization method followed by capillary GC or GC-MS (10, 11, 16) . This technique, based on high-resolution capillary chromatography, is a simple and reproducible procedure which we have employed routinely for the analysis of bacterial components. In this paper we describe the carbohydrate profiles of L. pneumophila and a group of legionella-like organisms. The procedure is sufficiently easy to perform that it could be adopted as a routine confirmatory technique in reference microbiology laboratories for the identification of these organisms. * 
MATERIALS AND METHODS
Bacterial strains, media, and preparation of bacterial cells. The bacterial strains used in this study and their sources are listed in Table 1 . After incubation for 3 days on buffered charcoal-yeast extract agar (26) in air at 37°C, the confluent bacterial growth was scraped from four to five agar plates with a bent Pasteur pipette and was suspended in distilled water. The bacterial cells were killed by heating them in flowing steam at 100°C for 1 h and then were centrifuged at room temperature for 10 min at 10,000 rpm with a JA-20 rotor in a Beckman J21B centrifuge (Beckman Instruments, Inc., Palo Alto, Calif.). The heat-killed cells were resuspended in distilled water and then recentrifuged. This washing step was performed three times. Carbohydrate analysis. The neutral and amino sugar contents of bacteria and bacterial components were determined by a previously described modification of the alditol acetate procedure (10) which permits the simultaneous preparation of multiple samples and decreases background peaks derived from the sample, side reactions, and impure reagents. One milligram of each sample was hydrolyzed in 0.5 ml of 2 N sulfuric acid under vacuum for 3 h, the acid was neutralized with N,N-dioctylmethylamine, and the sample was then reduced with sodium borohydride and acetylated with acetic anhydride. Hydrophobic and hydrophilic columns were used, repectively, in prederivatization and postderivatization cleanup steps. The samples were analyzed with a Perkin-Elmer Sigma 3B gas chromatograph (The PerkinElmer Corp., Norwalk, Conn.) fitted with a capillary inlet system, an SP-2330 capillary column prepared in our laboratory (16) , and a flame ionization detector. A sample split ratio of ca. 18:1 was used. Other chromatographic conditions included the following: injector temperature, 240°C; detector temperature, 295°C; initial oven temperature, 100°C; initial hold, 0.5 min; and temperature program, 30°C/min to a final temperature of 245°C. The column helium flow rate was ca. 2 ml/min. Peak areas were determined with a Hewlett-Packard model 3390A integrator (Hewlett-Packard, Avondale, Pa.).
A sample containing external standards was analyzed concurrently with each batch of bacterial samples. Table 2 presents the relative response factors for equal amounts of neutral and amino sugars carried through the entire derivatization and GC procedure. Although the specific capillary column used was chosen to minimize selective degradation of amino sugars compared with neutral sugars (16), the column produced considerably smaller peak areas for amino sugars compared with neutral sugars. Visual comparison of relative peak areas in chromatograms without consideration of these response factors can lead to misinterpretation of the relative amounts of carbohydrates present in the sample.
Arabinose and methylglucamine were added to bacterial and external standard samples as internal standards for Table 2 (10) . The use of internal standards to correct for component loss during sample processing and GC analysis is based on the assumption that any loss of sample components or external standards is identical to the loss of the internal standards in the analytical sample or external standard sample, respectively.
The identity of carbohydrate components was confirmed by capillary GC-MS in which a Finnigan model 4021 system (Finnigan Corp., San Jose, Calif.) was used. The chromatographic column used for GC-MS was a flexible, fused silica column which was static coated with SE-52 and cross-linked in our laboratory. The SE-52 column was installed in the gas chromatograph and threaded through the GC-MS transfer line so that the column effluent passed directly into the ion source of the mass spectrometer. The GC-MS chromatographic conditions were otherwise similar to those used for GC. Table 3 lists the retention times relative to arabinose of the neutral and amino sugars present in standards or in samples employed in this study. Figure 1 compares the chromatograms of a standard mixture of sugars (Fig. 1A) with those of hydrolysates of LPS isolated from S. typhimurium (Fig. 1B) and from P. multocida (Fig. 1C) . These LPS specimens were analyzed to determine whether the method could detect heptose and ketodeoxyotonic acid (KDO) (6, 28) in bacterial samples since neither of these sugars was detected in strains of L. pneumophila or the legionella-like organisms analyzed. L-Glycero-D-mannoheptose was identified in S. typhimurium LPS and both L-glycero-D-mannoheptose and D-glycero-Dmannoheptose were identified in P. multocida LPS by capillary GC-MS. However, KDO was not detected in either LPS preparation, probably due to its destruction by the high concentration of mineral acid used for hydrolysis (28) . Table  4 Tables 5 to 7 summarize results obtained with representative strains of each genus of the Legionellaceae. L. pneumophila Philadelphia-1 was ihcluded as a control in every batch of samples analyzed to allow comparisons between experiments. L. pneumophila ( Fig. 2A) (17) , fatty acid analysis (23) (24) (25) , peptide profiles (19) , and antigenic characterization (8) can be used to separate L. pneumophila and the legionella-like organisms into at least three groups. Table 8 provides a summary of the available genetic and biochemical data which allow one to distinguish among these organisms.
RESULTS
Most classical methods of bacterial characterization consist of groups or series of individual tests each of which measures one discriminating feature. Recent chemotaxonomic approaches have involved techniques which can analyze the multiple structural components of bacterial cells such as peptides by polyacrylamide gel electrophoresis and carbohydrate or fatty acid fingerprinting by GC. These instrumental methods provide measurements of a number of discriminating features simultaneously. Although fatty acid profiling has been used for the characterization of members of the Legionellaceae, detailed analysis of the sugar composition of this group of agents has not previously been reported.
The alditol acetate procedure used in this work was developed as a specific method for the analysis of carbohydrates in bacterial samples (10) . The combination of hydrophobic and hydrophilic extraction columns, respectively, before and after the acetylation step acts as a selective cleanup step the Legionellaceae or are present in quantities below the detection limits of our methodology. Muramic acid is a unique amino sugar found in nature only in peptidoglycan, the glycan backbone of which is a polymer of alternating units of muramic acid and glucosamine. We have shown the presence of muramic acid in species of Legionella, Tatlockia, and Fluoribacter. Peptidoglycan has been isolated from L. pneumophila and characterized by amino acid analysis (1, 18) , but the presence of peptidoglycan in species of Tatlockia and Fluoribacter has not been previously reported. Interestingly, the glucosamine/muramic acid ratio was significantly higher than 1:1 in most isolates, thus possibly indicating the presence of an additional glucosamine-containing macromolecule.
The data presented in this article suggest that, in addition to other reported techniques, carbohydrate profiling by capillary GC can be a valuable method for distinguishing among members of the Legionellaceae. The assistance of Matthew Przybyciel (Department of Chemistry, University of South Carolina) with preparation of capillary columns is greatly appreciated.
